Abstract: The purpose of this study was to investigate whether exposure to bisphenol A (BPA) through the placenta and milk has any effect on the reproductive system in male offspring. Pregnant rats were treated with BPA at 0, 4, 40 and 400 mg/kg body weight, from gestation day 6 through lactation day 20 by gavage. Plasma testosterone concentrations in offspring at 9 weeks old were significantly high in BPA groups as compared with those of the control. At the age of 36 weeks the hormone concentrations showed an increase in a dose-dependent manner, although without statistical significance. Testosterone content in testes showed a similar tendency to that in plasma, though statistically insignificant. Little alteration in testes weight was seen in BPA-exposed offspring. There was no remarkable change in plasma concentrations of luteinizing hormone and follicle-stimulating hormone at 9 weeks old. The pathway of E 2 (17β β β β β-estradiol) formation from testosterone seemed not to be affected by BPA. The results indicate that exposure to BPA during the perinatal period has a significant effect on testosterone homeostasis in male offspring of rats.
Bisphenol A (BPA) is a widely used industrial material, and more than 150 tons are manufactured annually in Japan (Ministry of International Trade and Industry, 1999). It is mainly used as a fungicide, antioxidant, and stabilizer in rubber and plastic products. BPA monomer has been found to be released and migrate from cans coated with epoxy or polyvinylchloride resins and from polycarbonate tableware and baby bottles 1, 2) . It is also a component of dental sealants, and has been found in the saliva of dental patients treated with such sealants 3) . The toxicity of this compound, including its effect as an endocrine disruptor, has been of great concern because of its occupational exposure and intake in daily life.
It has been reported that BPA could bind to estrogen receptors both in vitro and in vivo, though much less potent than E 2 (17β-estradiol), and therefore mimic the effects of female hormone 4, 5) . The compound has been detected in umbilical cord blood and mother's milk 6, 7) , and one could easily imagine the possibility of its effects on fetuses and newborns. Sex hormones, particularly testosterone, are critical for the differentiation and development of the brain, reproductive organs and other systems in the perinatal period, and the disorder of this hormone during this period may induce irreversible changes in reproductive organs or function at mature ages. Fetuses and newborn are believed to be much more sensitive to chemical exposure than adults. There have been some studies on laboratory animals, but the results are controversial and the effects of BPA on offspring are still unclear. Prenatal exposure to BPA was reported to result in an increase in prostate weight, or less sperm production at mature ages 8, 9) . In other reports, no BPA dependent effects were found in male offspring with regard to the weight of sex organs or other indices 10, 11) . By extending the period of BPA administration, and with a wide range of doses in the present study, we found a significant effect of BPA exposure on testosterone homeostasis in the male offspring of rats at pubertal age.
Pregnant rats (Crj: CD (SD) IGS strain, 9 weeks old) were purchased from Charles River Japan Inc. (Kanagawa, Japan) at gestation day 3. They were housed individually with a light/dark cycle of 12/12 h (light on at 8.00a.m.) Room temperature and humidity were maintained at 23 ± 1°C and 55 ± 5%, respectively. Feed (CE-2, Clea Japan, Inc.) and water were accessible ad libitum. The rats were divided into four groups at random and given BPA with a purity of >99.8% (Wako Pure Chemical Industries, Ltd., Osaka, Japan) at 0 (control), 4, 40, and 400 mg/kg body weight (BW) completely dissolved in corn oil, from gestation day 6 through lactation day 20 by gavage. The number of offspring was standardized to ten (male:female=5:5, where possible) for each dam one week after birth. At the age of 3 weeks old, male and female rats in each litter were separately housed.
Blood was collected from the male offspring at 9 and 36 weeks old under anesthetization with ether, and plasma obtained by centrifugation was frozen at -20°C until used in hormone assays. As stated in our previous report 12) , only one dam and its pups in the highest dose group survived after delivery, and these pups were only used in the sampling at 36 weeks old. Testes were dissected out and weighed. Testosterone concentrations in plasma were determined with the Wallac Oy kit (Turku, Finland) following the protocols of the supplier. This assay is based on the competition between hormone in a sample and a fixed quantity of labeled hormone for a limited amount of hormone specific antibody. For the assay of testosterone content in testes, part of the organ was homogenized in a glass-teflon homogenizer, and then centrifuged at 700 × g for 10 min at 4°C to remove cell debris and nuclei. The resultant supernatant was used for the assay of testosterone. We also estimated plasma E 2 , and the luteinizing hormone (LH) and follicle stimulating hormone (FSH) concentrations with commercially available kits and protocols (Wallac Oy, and Amaersham, Little Chalfont, UK, respectively). All assays were run in duplicate. Dose response relationships were evaluated by using a one way analysis of variance (ANOVA), followed by Dunnett's test for significant differences between the control and each dosed group. A probability value of P<0.05 was considered as significant.
The effects of BPA on the development and growth of the offspring have been presented in our earlier report 12) . No morphological abnormality was observed in the offspring in any of the BPA treatment groups, and the differences in the body weights at 1, 3 and 9 weeks old among groups were not significant. The weight of testes (gram) was 2.78 ± 0.19 (mean ± SD) in the control, and 2.82 ± 0.37 and 2.90 ± 0.25 in 4 mg and 40 mg dose groups, respectively, and the difference either in testes weight or the ratio of testes to body weight (data not shown), was not statistically significant among the groups.
At the age of 9 weeks, the testosterone concentration in the blood of male offspring was 2.00 ± 0.90 (mean ± S.D.) ng/ml in the control group, and it was increased by 88% and 123% in 4 mg/kg and 40 mg/kg BPA groups, respectively (Fig. 1, upper panel) . The values in the two BPA groups are significantly higher than that in control group (P<0.05). At 36 weeks old, the sex hormone in blood also showed a tendency to increase in a dose-related way in the three BPA groups, although there was no statistical difference between the BPA treatment and control groups (Fig. 1, lower panel) .
The secretion of testosterone is regulated by the negative feedback mechanism of the hypothalamus-pituitary-testis axis. Despite the increase in testosterone levels, the LH concentrations in the BPA groups were at the same level as in the control, and the plasma FSH concentrations in the BPA groups also showed little change (Fig. 2) . Such an inconsistency in the plasma concentrations of testosterone, LH and FSH was also encountered by other researchers 13) . It is known that part of testosterone is transformed to E 2 , and we estimated the plasma E 2 concentrations in the male rats at 9 and 36 weeks old. No significant changes in the plasma E 2 concentration were found in response to BPA administration (data not shown) at either age, indicating that the pathway of E 2 synthesis de novo was not affected by this compound.
Testosterone content in testes of male offspring rats at 9 and 36 weeks old was slightly increased in BPA groups in comparison with the control group but the difference was not significant (Fig. 3) .
There were few reports about the effects of BPA on sex hormone metabolism in offspring. In this study, we found that blood testosterone level was higher in male offspring of rats perinatally exposed to BPA than in those without the exposure. This effect was most obvious in offspring at puberty (9 weeks), and could still be demonstrated even in adults (36 weeks). This result contrasts strongly with reports from other researchers, in which immature or adult animals were used in most cases. Tohei et al. reported that the plasma testosterone concentrations in male rats were decreased when the animals were given BPA subcutaneously as adults 14) . In a most recent report by Saito et al. 15) , they found a reduction in the blood testosterone level in mice subcutaneously administrated BPA in microgram amounts for 7 weeks in the pubertal period. In other reports, BPA treatment was not shown to have any effect on testosterone formation by cultured Leydig cells from young male rats 16) , or the testosterone level in the blood of rats 13, 17) . Nevertheless, in a recent report, Nieminen et al. found the plasma testosterone concentrations were increased in field voles treated with BPA 18) . Although there are such discrepancies among the laboratories, which may be attributable to the doses of BPA, the animal species used in the experiments and the age of the animals when treated, it is believed that BPA exposure alters the function and morphology of reproductive organs in the animals directly exposed to it. In regard to the effect of BPA on offspring, this study is the first one, so far as we know, reporting the significant effect on male hormone homeostasis in pups. We did not do histological studies on genital organs in this study, and it is not clear whether there is any pathological change in reproductive organs such as the prostate, which was found to be increased in weight or size in offspring from BPA treated dams 8, 19) . Our results on testes weights are in agreement with other reports 8, 20) , in which no change in testes weights was demonstrated despite the noticeable changes in some other genital organs of offspring or adult animals themselves exposed to BPA. The level of testosterone in blood is maintained relatively constant, through a balance between formation mainly in testes and degradation in such tissues as the liver. To elucidate the mechanism(s) underlying the effect of this compound, a study on whether or in which stage the metabolism of testosterone is affected by BPA exposure, is under way. Each bar represents the mean for 4-6 rats. No significant difference was found between the control and treatment groups at the same age.
